A conventional SIS mixer, which is pumped by a single frequency local oscillator (LO) functions as a phase-insensitive linear amplifier and may achieve a noise level near the "quantum limit" of one-half photon added noise per unit bandwidth. A phase sensitive linear amplifier may have less noise than this "quantum limit". We are attempting to beat the quantum noise limit with an SIS mixer by employing a two-LO technique which makes the mixer's gain dependent upon the phase of the incoming signal. We have experimentally demonstrated the phase sensitive gain of our two-LO mixer; the gain variation from maximum to minimum is more than 20 dB. We also present theoretical predictions of the noise of the two-LO mixer.
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Ouantum Limit
The quantum nature of detectors for weak electromagnetic radiation apparently enforces a "quantum limit" to their sensitivity.
Tucker [1]J2] predicted that the noise temperature of an SIS quasiparticle mixer must obey TM > hw / k which is the contribution of the shot noise in the tunneling current. It was subsequently reported that SIS quasiparticle mixers have been built at 36 and 114 GHz [31*[41 that have measured noise temperatures within a factor of 2 of this limit.
The conventional operating mode of an SIS mixer is as a phase-insensitive linear amplifier, in which the mixer conversion efficiency is independent of the relative phase of the incoming signal field and the mixer LO. Such phase-insensitive linear amplifiers can be shown to obey the quantum limit for their noise temperature, TM 2 hco / k. On the other hand it has been shown quite generally by Caves that a phase-sensitive linear amplifier may be noiseless. By analogy to a measurement technique developed for gravitational radiation antennae called quantum nondemolition, QND, we expect that a two-LO mixer which is pumped by two local oscillators will be phase sensitive and therefore, due to its already low noise level, is a good system with which to attempt to circumvent the quantum limit.
Before proceeding we would like to comment on the physical mechanism for the noise reduction of a phase-sensitive, two-LO mixer. In the quantum theory of mixers the current correlation matrix, H, is used to describe the shot noise due to the local oscillator and dc bias. An interesting observation reported by
Hartfuss and Tutter 16] was that the cross correlation matrix elements can be negative which implies that destructive interference of noise can occur. Thus, the shot noise in a mixer can be smaller than the mean square noise current due to the dc current generated by the local oscillator. It was anticipated that the shot-noise correlations in a two-LO SIS mixer may be such that a good deal of noise cancellation could be arranged at the output, which, as we show here is indeed the case.
Two Pumu Mixers
A two-LO mixer is excited by two phase coherent local oscillators with frequencies of (co -0,) and (w + wJ where w is the RF signal frequency and coo is the IF output frequency. As an extension of the one-LO mixer sideband notation, the two-LO mixer sideband frequencies are denoted by: and image-2 (w+W,). In the two-LO mixer theory we separately Manuscript received September 24, 1990.
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treat the negative and positive frequencies at each distinct sideband.
Comparing the two-LO mixer to the conventional one-LO mixer and parametric converters, it is apparent that the two-LO mixer will be phase sensitive, the reason being that the local oscillator at (w-w,) performs a phase preserving downconversion of the signal and the local oscillator at (w+o,) conjugates the phase of the downconverted signal. The sum of the phase preserving and phase conjugating processes yields a phase sensitive conversion process. For the proper choice of the embeddding admittance, there should be a perfect reflection, with proper phases, at the two image ports. Thus the correlated shot noise from the images will cancel in the output.
Adopting and expanding Tucker's quantum theory of mixing, we developed a theoretical framework L71 for analyzing two-LO mixers. Wengler and Bocko [*I presented an analytic calculation of the gain and noise of a two-LO mixer in the limit of low output frequency and low local oscillator power. It is shown there that the minimum noise number, where N = kTM/hw, of the two-LO SIS mixer in the limit considerred is N(2-Lo) = 1/8 if one measures only the signal-carrying quadrature component of the output.
For the conventional one-LO SIS mixer, it was known that the minimum added noise photon number is 1/2 [91* [10] . But this is based on a mixer which is sensitive to both quadratures of the input radiation. For a fair comparision to the two-LO SIS mixer, we must examine a single quadrature component of the one-LO mixer output. This cuts the noise in half, so for comparison a one-LO mixer has an added noise photon number of 1/4.
Consequently, in this limit the noise of the two-LO SIS mixer is one-half that of the standard one-LO mixer. In the small LO power limit the correlations among the noise in the sidebands is relatively small, i.e. the off-diagonal H-matrix elements approach zero as the LO power approaches zero. Therefore it is not surprising that the noise cancellation scheme which takes advantage of correlations does not offer much improvement in the low LO power limit. Our numerical computations agree with the analytical predictions in the small LO power limit. However they also show that a noise photon number less than 1/8 is possible for large LO power under chosen bias conditions.
Numerical Calculation
The noise number minimum, N=l/8, of a two-LO mixer in the limit of small LO power is not the best that can be achieved with the two-LO SIS mixer. When the LO-power level is increased the correlations of the shot-noise in the various sidebands grow, so by appropriately choosing a set of the embedding impedances, one should be able to arrange for some additional cancellation of noise in the output. A detailed evaluation of the minimum noise number of the two-LO SIS mixer must be made by numerical computation.
For simplicity a perfect I-V curve, in which the gap voltage is 2.5 mV and the normal resistance of the junction is 50 $2, is used in the numerical calculations. We chose the image embedding admittances to be small and equal to 0.001 + j 0.1 1 at image-1 and its complex conjugate 0.001 -j 0.11 at image-2. The signal channel is complex conjugate matched and the IF embedding admittance is 0.02 S. We further assume that the powers in the two local oscillator components are equal. In the following we present two cases which have different dc bias conditions. In the first case the mixer is biased on the first photon step at VbiS = 2.44 mV. In Fig.1 we plot the signal conversion efficiency and the noise photon number as a function of a* = 1%) ' which is a measure of the local oscillator power. It can be seen in Fig.2 that for the case of 012 equal to 0.1 the total noise photon number is only 0.077 somewhat less than the small LO power quantum limit of 1/8. Although a dc bias voltage on the second photon step is not usually used, this example shows the total noise number of a two-LO mixer may be lower than the quantum limit.
halves split along the center of the broad walls. RF tuning of the cavity is achieved using a sliding back short of the contacting type. The RF filter, on which an SIS junction chip is mounted, passes through the center of the cavity broad walls. Thus the SIS junction is located at the electric field maximum in the cavity.
A microwave source generates a test signal ( 65.5 GHz ) and two local oscillators ( 64.0 GHz and 67.0 GHz ) which are all mutually phase coherent. The microwave signids are fed into the mixer block by a stainless steel WR-12 waveguide.
Phase Sensitive Gain
In this section we discuss preliminary results which demonstrate the phase dependent gain for a two-LO mixer.
To investigate the phase sensitivity of the two LO mixer the microwave source was used to produce three signals, which were at the frequencies of 65.5 GHz, 64.0 GHz and 67.0 GHz, the former was used as the signal and the latter two were used as the two local oscillators.
The mixer gain versus the input signal phase is theoretically the same as the mixer gain versus the local oscillator phase since the phases are only defined relative to each other. In our experimental system we could obtain the most precise phase shift of the high frequency local oscillator, local-2 (67.0 GHz).
Therefore, we fixed the signal (65.5 GHz) and the low frequency local oscillator, local-1 (64.0 GHz) phases and measureed the gain versus the local-2 (67.0 GHz) phase. The result is shown below.
--
ExDerimentd Set-uu Nb-Pb alloy junctions fabricated at NIST were used in our experiments with the two-LO mixer. We choose wRNC, = 6 for the junctions to be used in our experiments. The single junction has an area of 1.6 x 1.6 pn and a normal state resistance of 50 a.
The maximum critical current density J, is measured to be around 5 2 .$ 2 3 1.6 LA/cm*. For practical mounting and performance, the SIS junction is fabricated at the center of a fused quartz chip, which measures 1 x 2 mm.
The SIS junction chip is mounted with pressed indium contacts on a RF filter which serves to keep the RF radiation from leaking out of the mixer block and travelling down the IF line.
The RF filter is metalized with a smp-line circuit pattern which consists of an RF choke with a 50 R characteristic impedance strip-line. The RF choke, which is a piece measuring 465 x 75 x 10 mil, consists of a 8-element quarter-wave fiiter.
The mixer block is a niobium waveguide cavity, in which the mode of interest is the E''' mode. It is fabricated in two oscillator is changed by 360 degrees is about 20 dB.
-usion
Our demonstration of the phase-sensitivity of a two-LO SIS mixer is the first experimental step in our effort to reach a noise level below the standard quantum limit Our theory indicates that unusual bias conditions and precise image terminations are required to reach noise levels below the quantum limit and our noise characterization measurements are continuing.
